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;' In this concluding report of a series of four on "Underwater
: : Explosion Bubbles" we present results of numerical computations for
specific underwater explosions. The work on these computations
began in 1953 and was completed, except for various drawings,in 1955.
While the organization of the work and the responsibility for

its accuracy are assumed by the undersigned, actual work has been

largely carrled out by others. Professor E. Isaacson was frequently

consulted on the computational techniques. Mlss M. Reissman,

Mrs. S. Hehn, L. D. Grey and Miss L. Wertheimer did all the computa-

tions. Drawings were prepared by Mrs. S. Hahn and Miss L., Wertheimer
end tables were extracted by J. Smith and Miss E. Kramer.

July 1956 Ignace I. Kolodner
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Ie Introduction,.

In thls report we shall dlscuss the shape and. migration of an
underwater bubble produced by an explosion of 300 lb, TNT fired 125
. ft; below the sea level‘.1 The numerical results were obtained on

the basls of the theory developed in IMM-NYU Rpports 197 and 232

on Underwater Explosion Bubbles, see [3], [L] .

Two sets of resﬁlts are presented. The flrst refers to a

bubble in infinite water. The second - to a bubble fired 20 ft,.

sbove the sea bottom, Most of the computations can be reused for .
description of other cases having the same value of the parapeter k.
For definitlon of this and other parameters, see Section III.

Our results are only partly satisfactory. They are in quali-

. tative and even fair quantltative agreement with observed data for a
brief period of time. Yet we lack a mathematical criterion to deter- :
mine the time at which they cease to represent a good approximation ;
even to the ldealized problem posed under the assumptions of Section
II. Thus, when considering the bubble motion in infinite water, we

find that, to the order of approximation ugsed, the bubble begins to
move downwards after a certain time, and this is -absurd in the

case consldered. Next we find that the assumed expansion for the

water veloclty potential becomes meaningless at the time when the
center of gravity of the bubble reaches its surface. This happens

near the end of the first oseillation period'at which time the bubble

{
I . ‘
These data are typical for explosions of "moderate" size.

They were suggested by Dry, A. Be Arons.
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has a fully developed caviﬁy, and 1lts shape indlcates a possible
change into toroldal shape, However, 1t 1s expected in thls case
that the bubble will perform several oscillatlions before changing
1ts tokologlcal structure. Altogether we found 1t difficult to use
the numerical results for more than one oscillation period, In
order to obtaln a description of the bubble motion for two periocds,
we had to reduce the value of Lhe parameter o to 00125, and this

corresponds to an explosion of 1.05 gwamse (L) of TNT at a depth of 125
rt,

IT. Mathematicsgl Fonmu;ation.
Our study 1s based on the following simplifying assumptions.

lf The ocean water 1s incompressible and invipcid.

2, The water flow is laminar and 1rfotational.

3. The bubble gas has no internal motion and expands
adiabatipa;ly.

h,. The bubble is initlally spherical and has no radisl
veloclity., '

5. The ocean bottom is a rigld surface.

6. The bubble 1s sufficiently far from the water surface

to allow the use of a linearized surface condition.

The obJect is to find the water velocity potential, E(x,y,z,t),
the migration of the center of gravity of the bubble, B(t), measured
from the cgnter of explosion and the equation of the bubble surface,

r = R(9,t)s The equation for the bubble surface has been written in
spherical coordinates with origin at the moving center of gravity
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of the bubble, and the polar axls pointing upwards.

Under the above assumptions, § , B, and R are found to satisfy

and to be determined by the followlng condltions:

(2.1) AT=0, 1in water,

(2.2) V3INVF+F, =0, for F=0 (kinematic bubble surface

condition),
‘ 1 2 = wu=Y -
(2.3) P - pl®, + (§7§) ] - pgz = KV for F =0 (dynanmic
0 Et 2 ,bubble surface condition),
(2.4) Iz =0, for z=-H (rigld bottom condition) ,
(25) 3 =0, for z=3  (linearized free surface condition),

(247) R.b(g.lo) =0,
initial

(2;8) B(0) = é(o) conditions ]

i
o

’

Here, _
p : =undonslty of water
p, <« atmospheric pressure
z, - depth of exploslon center
H = distance of the bottom from the explosion center

Po = Pq + pgz, - hydrostatic pressure at the explosion center




-u-
P(x,y7,2,t) = 2 - B(t) - R(6,t)cos € , cos @ = z - B

y x2+y2' +( 2-B)2

s
V= %3 ‘[ RB(Q,t)sin © d6 = volume of the bubble.
o

]

g e e e e o e e e 8 e e ow s womme r}a
!
!
i

adiabatic exponent.

adlabatic gas constant

- welght of the explosive

IR A

= i .
Ab' initial radius of the bubble. Lo

When the effects of the boundaries can be neglected, the conditions
(2.4,8) are replaced by a requirement of regularity of § . One
obtains the same result by solving the problem with finite H and

and letting H —> @, Z, —> © .

III. Dimensional Analysis. .

The number of parameters appearing in the formulation is re-
duced by introducing dimensionless units and parameters. It 1s

convenlent to introduce for units of length L and time T the
following:

(3..1) L = (}&%()@)1/3 , f;
(3.2) r=1/pP

!
|
Here, i




(3.3) =48 a3ideaZ + 2, + A,
is the total constant energy that the system water bubble would
have in the absence of boundaries. When boundaries are present,
the total energy 1is still constent but different from E .by a term
E . However, one shows that even in this case ¥ = 0 if the initial
radial velocity of the bubble, Ao =0 .

The units used here are different from the units Introduced
by Friedman [2], and adopted in the literature on Underwater
Explosion Bubbles. If T and T are the Friedman units, we have

the relations

il

(Igi)l/%: ,

VATECOLER I

(3.4) L
t T

Por 4 = 1.25, a value generally accepted for explosion products,

i

see [1] ,

(3.4 L= .85 ,
T= ,706 T ,

L 1is the equilibrium radius of a bubble in a system of energy E ,
while L" has no exact physlcal meaning, though it is close to and
always somewhat less than the theoretilcal maximum radius of the
bubble. The cholce of T 1s motivated by convenience.

On introducing dimensionless variables, four independent para-

meters appear, namely:

T
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b
(3.5) =S BTTHETY,
L
(3.6) o= =
ZO
(3.7) ve=g
0
2z
(3.8) b=s2 .
ZO

Here, 2Z_ = z, + po/bg s 1s the hydrostatic depth ("head") of the
explosion center,

In a scaled exper;ment,the values of x, 0, Y, and v nust
be preserved. Using (3.3) in (3.5), and assuming Ao =0, (see

assumption L, Section II) one can show that

(3.9] % =x(1+x)Y,
where

. Pm .
(3.10) X = m .

Here, Pm is the maximum pressure of the bubble which depends only
on the type of explosive, but not on its amount. See also [71,

P. 4. Using the same notation,

(3.11) E = PoVo(l + x) .
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BEven for large values of Z, s the internal energy of the

bubble is large compared to 1ts potentlal energy. This is equivalent

to the assumption x >> 1 , whence the simplifled approximate
formulae

(3.9") x~ 1Y oo gt
' —
(3.10) E ~ POVox =eW ,

where ¢ 1s the speciflc snergy of the bubble.

Formula (3.9) shows that a scaled experiment with the same
explosive 1s impossible. On the other hand, it 1s possible to pro-
duce scaled experiments with dlifferent types of explosives, pro-

vided that the pressure above the free surface 1s reduced. Denote
by prime the quantities referring to a scaled experiment. Let

t t ! t
Pm = mel, € =qge , p =rp . Then the cholce: P, = PP,

' - - -1 -
z, = pr Z, » H' = pr lH , and W‘ = puq lr 3W wlll preserve the

-1 ' -

values of all the parameters, while T =pr L, T =/pr 1 T .

See [5], p. 1l.

1V. Formulae for Bubble, Migration, and Potential Coefficients.

We define &(%,0,%), A(6,%), b(¥) by | S
(4.2) B(t) = Lb(%)
(4.2) R(9,t) = LA(8, 4
(4.3) Dx,v.2,t) = 2207t (o(§) §+ 0, 0, §1 !
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E One shows in [3] and [4] that &, A, and b, can,” on dropping 8ll bars,

i beo represented in the form:

I

3

P (4els) e P e (0™ (c0n ) ¢ H(r00)
-t n=o m=0

' 00

1 . b = & b (t)

| (4.5) %;1 n

) o) n '
" (4.6) Ae,8) =53 3 8,,(t)P (cos @) .

n=o m=o

e T e T

Here, Pm(cos @) 1s the mfth Legendre polynomial. For definlition of
{
o é; see [li], Appendix A.

The coefficlents 8, ms bn and Cym 8re defined, depending

S TC T L

on the case, by elther explicit formulae, or integrals, or as solu-

tions of ordinary differential equations. To list them it is con-

venlent to introduce first the following functions and notations:

it I T

b 1) The function a(T) 1s an even periodic function defined for
Z helf a period by its principal inverse, <1(a) given by

1 oy

y

l-; "(“)~J = gsasa .

: Here & and G are respectively the smallest and largest roots of

Y 1 - 53 - yx=3(r-1) o 4 .

2)  £(x) = altog [T (3F) + 1og 7 AF)) - Ftan I, [x] <1




i '9'

i
N 3) ==

L
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dogo = - (B + v)~2¢' (x)
, do23 = - (b + V)-B(% f"(X) +'%6}§21 ") ..

i

i The functions f£(x} and f'(x) are tabulated in [2], p. 59 and p,
{ 63s For convenience, we tabulate here again £(x), f'(x) , and in

B n’
“E addition f (x) , Tfor 0 <x <1 . For negative values of x,

L n n
l, £(x) = - £(-x), £ (x) = £ (-x), and f (x) = - £ (-x). See Table
I 1.
~f{ . 5) For any function h(t), we use the notation,
x £
: B(t) = j n(t)dr .
f o

We now list the ats, b!s and c¢!'s up to terms in d’3 .

Zero order terms.

i 8o #) = a(t) = ()Y 3a(/F (£1)}/34)

- a2a .

J Coolt)

First order terms

: "—_l ”:l
: 810 © = 3 Gyp188 401%0
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DT a2
. B

|
1
5
|
|
i
1
l

= _ 3
cll - a [ ]
Second order terms
= 2
820 T 850 * 4551854 »

where

a =

b, =

where

84,50
b, =2 a"3a3

le

%"[;..('5)2 + 2aag +

0

22 satisfies

8&22 + 3&322

'
2 doolpa + dolzpz

aaal .

- aaz"z =

(o d o2 [X) 2 ,Y_l _3Y_1 4 = 102
ad, + 39.:51‘20 + [a + 3y (?‘-LI) xa ]azo bl + Hb ,

e

.520(0) = -520(0) =0,
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(8%8,)" = 3 ab, (asd + % - a23) , B,(0) = B,(0) = 0

2

(%) = - 3%(a%)" ,  B)(0) = Bh0) = 0 .

- e 2 '
20 = - (8%ay, + aal )
c = . -(a31; + 3a2a 't.) + 4 a ;.)
21l 2 lo71 12
- 2, 2 ¢
Cop = -5 & (a,aaz) .

Third order terms.

= ] . 3 n
a‘30 doola3o + d012a'3o *+ doola3o ’

where,

%30 "3)“30 = - -é-[(%)'E + 2a(3) + “';]gzo - ‘.3L' by

+§ of(a7%E - 2) + e™ 016, 4 y0(0) = a3,(0) =
a;o - (%)aéo = - (2aa + ;.2)b1 + aabl- a - aéléé »

a3,(0) = a} (0) = 0,

? [ 17] o0 [ . *
;o = - %-5 ( %‘- a(d)? + &5 a2+ (288 + a2)(3)2 + 32243

—~

c-z . ’
+ aaa + aa”] ,

7




-12-

- [ n
%32 7 9501%32 * 45305, + dp23%32
where

- 9 [ ] L ] 3
aaBa + 3aa32 - aa32 =-3 blpa - (a

*
e - mm T dia Al AT - i
- . . T TR RMCTRETT 8 e ey = et - n | o
- — e ———— s . ;
. . .o
. e I

(1] . se

lof22 * 381485, = @y 8,,) ,

a35(0) = a3,(0) = 0

.0' LN ] oo ’

aa32 + 3aa32

so ) se e .

- aa,32 = . -g- bl(ﬁz + a‘?a) » a;‘e(o) = &;2(0) =0 ’

[ ] ' [ ]
aa32 + 3aa32 - aa32 = - S(aaa) R agz(o) = a;Z(O) =0,

a33 satlsfies

aa33 + 3;3.;.33 - 2éa

=% 2 !
b3 b3 + d00163 + doold012‘33 ’

where

(a3£;)° = 3(a251650). + 6a2£V5 +

2

(aBéB). = -B(éaazalo + élaafo + 513

o3

(6%63)" = - 3(8)a%a;_ + (e%a;)")" + 120%a(a2

- . 1l ‘-1
33 = - 6b1(a22 + Ta’a

-
-

9, 2° LIV ™~ _
;(a blaZZ) s b3(0) = b3(0) =

2 ]

aao) + 6(a2a2° + aafo) ’
ﬁB(O) = 53(0) =0,

&

alo) ’

t |
B3(0) = B3(0) = o .

855}, &33(0) = a33(0) =
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- 2 1. 3
30 = ~ (a%ay, + 8y 85, + 3 a3,)

- -J; 30 L ] 2 L] 2 'Y 2~ -1
ey = -3 [a b3 + 3b2a 8y + 3b1aa10 + 3b1a (a2° 3&22)

5 [
+ (a alo) d012] '
The cts are needed for the study of the pressure field which 1s not
discussed in this paper. c32 and 033 were not computed and are

of no interest.

V. Choice of Parameters and CGomputational Procedure

To determine the values of units and parameters for the cases
discussed in this report, we use the data for TNT supplied in [1] =+
These are

¥ = 1.25

(5.1) e = 490 cal/g.

x
]

.055 ZZ'I , 2Z_ expressed in feet .

o
To determine x , one uses the simplified formula (3.9') instead of
(3.9). This introduces an error of less than .2°/o in our case.
Using (5.1) we get for a bubble produced by 300 lb. TNT fired at a
depth of 125 f£t. (158 fc¢. head):

-

2;79 X 1915 erg
= 10.00 ft.
= ,1403 sec.
x = .1957
o= ,0633

L= S oL B 5
]
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For a bubble in iInfinite water, W = co, v =00, d

col =d

ol2

S
1° 8200 822
b3, and a33 « We conslider also the case when the effect of boundarile:

= d°23 = 0 , and the only quantities needed are: a, b

r~/

is taken into account, and the bottom 1s 20 ft. below the explosion
center. Then:

po= 791

v = 1266

V=il _
ok AR

and

dool = 2.43
d°12 = - 15085
d023 61.8 [ ]

1

The last example considered is that with u =

y V=@,
x = .1957 and o = .00125 .

This corresponds tc an explosion of

The corresponding uni%s are:

L

2,15 x ;olo org.
2.37 1in. '
T= .00277 sec.

' "
The functions, a’ alo, bl, 8.20, 620’ ﬂa, pz) aaoJ a'3° H a’3° ’
i

a32 , a32 , a32 ’ 333 ’ b3, 93, and ﬂ3 depend on % , but not on

the other parameters. They were computed for a single value of

e



-15-

x = ,1957 over the time of two periods of a(t), and are tabulated,
together with a, a, b1 in tables 2 - 6. While this computation
presents many difficulties, all remalning computations involve only
the operations of addition and multiplication, and can be completed
S in a relatively shorter time.

The difficulties encountered 1ln the computations may be traced
to the following:

1. Quantities with a gilven subscript depend on quantities
with lower first subscripts, necessitating a very accurate computa-

tion of all quantitles with a low first subscript. In particular,
we found that a(t) , on which all'bther quantitlies depend sensi- i

B TITOR LTI S AT

tively, must be computed accurately to 8 decimals in order to get

X F ST

about 2 relevant filgures in the computation,of, say, 333 .
2. All quantitles vary very rapidly during a short interval
near the time of minima of a(t) , necessitating frequent changes

of 1ntervals in any finite difference scheme. In particular, to

« & T
T -

compute a(t) we had to start with an interval of .0004 at the

minimum of‘ a « This interval has been progressively increased to
the value .1 near the maximum of a .

i 3. The differential equations defining these quantities are
) unstable and produce results which are either growing repidly or

oscillating rapldly, and in which errors become soon uncontrollable.

For a study of these instabilities, see [6].

The funetion a(1) was computed by ufing d finlte difference

scheme, All coefflcients defined by integrals, namely, @y 4s by
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Boq » Bg, B2 ’ a3° R 63, 63 were computed by using the trepezoldal
rule, using intervals of varying length which will be discussed

presently.

1 !

32* %32¢ B33 #F°
defined as solutions of non-homegeneous linear equations of second

. !
The coefflclents ﬁéo’ 8559 a3o, a30’ a32, a

order. All these equations can be reduced to the form
y(t) + g(t)y(t) = h(t) .

for y(t), where g(t) depends only on a(t) and 1ts derivatives.

(0f course, g(t) and f(t) vary from cquation to equation.) Rather tha

use a finite difference scheme, we assumed that g(t) i1s plecewlse
constant and h(t) plecewlse linear during short time intervals
A t . These intervals were so determined that in the worst case
fg(t)l(ék t)zls .01 in the interval under consideration. Since
a(t) 1s computed first, all the g(t) are known, and therefore
the successive intervals can be determined beforehand. They are
then used in the computation of the integrals, as mentioned above.
Since all the g(t) vary rapidly near the minima of a(t), the
intervals At change widely. We found that A\ t~ 0005 near

the minima of a(t) and it increases to .1715 near the maxima of
a(t).

A(6,t) and b(t) are obtalned, according to formulae (l.5,6)

by multiplying the bubble coeffipients by eppropriate factors depend-
ing on o, g, and v and adding.
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VI. Discussion of Reaults

We assume that the bubble motlon is adequately described by
considering only terms up to third order in o’ . Because of the

structure of the series (L.6), the equation for the cross section
of the bubble is then of the form

(6.1) A{6,t) = A+ B cos 8§ + C 00329 + D cose .

This, of course, severely limits the number of possible shapes that
the bubble can take on according to the present theory.

Case 1: Bubble produced by exploding 300 1b. TNT at 158' hoad in
infinite water.

Figure 1 shows the computed migration of the bubble up to
t = 2.977 at which time the center of the bubble reaches its surface
and the representation for the potontial, equation (h;h},becomes
meaningless. For comparison, we traced the migration predicted by
the first order theory. At time of breakdown, the former predicts
b = ;50 while the lattor, b = ;87 , or 74°/0 moro; Notice that }
aftor t+ = 2;95 the third order thoory prodlcts a downward migration,
which is rathor unexpected and indlcates that thoese results cannot
be trusted beyond that time. At t = 2;95 s b= .53 according to
the third order thoory, whilo b = ,77 according to tho first ordor

theory, or u5.5°/o morc., Thils 1s in oxcolleont agrecment with oxpori-

monts.2

2 According to Dr. Arons, tho Horring rise formula prcdicts

for cxplosions of modeorato sizo, a migration at time of tho first

secondary pulso about 50°/o in excoss of tho obsorvod migration.
Oral communicatlion.
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The bubble takes on a shape in accordance with the gquailta-
tive description in [3]. Near the time of the secondary pulse it

first flattens and then becomes kidney shaped. A pilcture of the moving

bubble 1s shown in Figure 2, We note that at the time of breakdown,
the compression factor 1s 9.5 while the compression factor for the

spherical bubble is (for x = 1957) about 575.

Case 2: Bubble produced <¥ exploding 300 lb. TNT at 158 heed in
Water 1h5 deep (bottom 20 below the explosion center) .,

It 1s expected that in this case the attraction of the bottom

will make the bubble appear almost stationary.

This is exactly what
our calculations predict, (see Figure 3).

At the end of the period
the bottpm of the bubble seems even to move downward. It is then

that the upward pull due to gravity and downward pull due to the

proximity of the bottom result in an elongation of the bubble in the

vertical direction., As shown in Fig. Y, these opposing forces will

eventually result n a splitting of the bubble into two smaller bubbles.

Case 3t Bubble produced by exploding 1,05 g TNT at 158' head in
infinite water.

Flg. 5 shows the migration of the center of gravity for two

periods. During the first period the bubble remains practically

spherical. At the early stages of sedond expansion there 1s a flatten~

ing of the lower part of the bubble surface. See stages 2 and 3, Fig. 6

However, at the time of the full expansion the bubble is agaln almost

spherical. Subsequent motion is similar to that described in Case 1,

and the motion can be tracked up to + = 6,200,

The first bubble maximum and period, as given by the present

theory, are roughly the same as those of the lowest approximat 1on, which
are tabulated in [2].
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Zable 1
x £(x) ' (x) £ () |
0 0 ] 1.832 0 i
.05 092 1.847 602 ’
20 | 185 ] 1.892 . 1.268 |
15 .282 | 1.970 ©1.961 f
20 | .383 | 2.09 | 2.72
.25 | 491 l 2.25 | 3.65 -
30 | 608 | 2.46 | b.90 -
.35 | +378 f 2.7k l 6.52 ]
L0 .88Y I 3.11 8.1:7 :
A5 1.050 | 3.60 | ¢ 11.23 ﬁ
.50 | 1.246 | 26 1 1s.us :
.55 | 1.L81 | 5.17 | 21.5
.60 | 1.769 | 6.1:.5 [ 30.8
.65 | 2.1L | 8.33 46.8
.70 | 2.62 | 11.25 | 75.5
W75 3.29 | 16.12 | 130.3
.80 l 11,30 l - 25.1 | aug
85 | 5.97 l Li.5 | 630
.90 l 9.30 o 100.0 | 2,560
.95 l 19.3 g 1100 |31, 000 :
1.00 l 00 l 0 [ 00 :7‘..‘
log 2 = .692 %3-§Eﬁs'3 = .226 :
8= "
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Table 2
Bubble coefficients for =« = ,1957

T R T S

—r e = T =¥

t a a a
. 0005 .19 45 859..40
. 0015 .20 1.25 832.10
.0025 .20 2.10 776.00
.0035 .20 2.79 706.80
. 0050 .20 3.80 571.20
0065 | .21 l .5k | Wid.30
.0085 | .22 | 5.26 | 285.60
.0105 | .23 | 5.70 |  165.68
.0135 | 2y | 6.00 | 16,30
.0185 | .28 I 5.98 | -40.09 "
.0255 | .32 | 5.57 |  -66.85
.0325 | .36 [ 5.10 | -63.90
.0L05 | 0 | le. 6l | -5h.2L
10495 Al | L.19 -43.96
00595 0’-‘-8 3-80 "g..%ogl
00695 051 3-!.,.8 “28.69
. 0795 .55 3.22 -23.91
.0895 .58 3.00 ~-20.17
1045 62 2.73 ~1€.,13
»1195 .66 2.51 -13.25
.1395 71 2.28 -10.53
1595 .75 2.09 - 8.62
.1795 .79 1.93 - 7.22
2095 .85 1.73 - 5.72
.2395 .90 1.58 - .70
2795 .96 1.541 - 3.74
3295 1.02 1.25 -~ 2,94
3795 1008 1012 - 201}0
-5095 1021 -86 -~ 1360
05895 1.27 -75 - 1033
. 6795 1.33 Nan - 1.11
07795 1039 n53 - 095
.8795 1.4 .45 - .84
9795 1.48 .37 - .75
1.0795 | 1.52 .29 | - .69
101795 1-5)4. 023 - -65
102795 ' 1056 ] -lb ‘ - 062
ll3795 1057 -10 - 960
1.5510 | 1.58 ! 0 | - .59

a, é , end 8 are perlodic with period 3.1020.
a and a are even functions, a 1s odd.
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Tabloe 3

Bubble coefficlents for = = ,1957
Numbers 1n perentheses are exponents of 10 .

t ' bl I {31 l 910 I B; L

1195 | | 100 (0] | |

.1395 | | 118 | | [

.1595 | | .35 | | |

.1795 | | .153 | | |
! .2095 | | 179 | - .106 | |
N .2395 | | 206 | - .118 | |
s .2795 | | .2u3 | - .131 | |
iﬂ .3295 | | .289 | - .1k7 | I
§ .3795 | [ 337 | - .160 | [
R 4395 | | 395 | - .75 | l
h .5095 | .115(0)] Lol | - .188 | (
d 5895 | 155 | .46 | - .200 | l
1 <6795 | .208 | 61 | - .208 | _ |
?{‘ L7795 | .28 | .152 | - .21 ] - 1.06 |
3 8795 | 359 | 868 | - .208 | -1.12 |
Ik 9795 | w452 | .991 | - .196 | - 1.15 |
g 1.0795 | .588 | 1.2 | -.180 | - 1.14 |
o 1.1795 | 677 | 1.26 | - .186 | - 1.10 |
b 1.2795 | 820 | 1da | -.125 | - 1.03 |
| 1.3795 | .959 | 1.57 | - .0865 | - .91k |
+ 1.5510 | 1.26 | 1.89 | 0 | - .622 |
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Table 3 (continued)
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Bubble Coefficients for

Numbers 1n parentheses are exponents of 10 .
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Bubble Coefficients for

Numbers in parentheses are exponents of 10 .
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Shape of the bubble

x=.1957, o= 0633,
p = 00, ¥= 00,

Scale: 2.5"=1

L=10.00ft, T=.1403 sec.
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Shape of the bubble
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